This study was to develop anovel and efficient method using endonuclease (benzonase) to preparedecellularized lamellar porcine corneal stroma (DLPCS). The DLPCS was preparedfrom native lamellar porcine corneal stroma (NLPCS) and was treated with 1000 U/ml benzonase for 5hours. We conducted the following measurements and animal transplantation tocompare DLPCS and NLPCS. The residual DNA was decreased significantly from 367.13 ± 19.96 ng/mg to 15.41 ± 0.65 ng/mg after treatment of benzonase by the detection of fluorescentnucleic acid stain. The residual benzonase was also less than detection limit.There was no significant difference in light transmittance of DLPCS comparedwith NLPCS. The extracts of DLPCS did not inhibit cell proliferation of human cornealepithelial cells, mouse fibroblast (L-929) and African green monkey kidney cell(Vero cell). The DLPCS was transplanted into the corneas of rabbit by lamellarkeratoplasty. There was no corneal melting and graft rejection been observedwithin 12 months. The images demonstrated that the repairment of corneal nervesand keratocytes of DLPCS were in indentical shape and reflection compared withnormal cornea, and no obvious inflammatory cells were observed postoperation, byin vivo confocal microscopy. We provided novel evidence that the application ofbenzonase may improve the quality of DLPCS.
| INTRODUCTION
Porcine corneal stroma is a possible suitable substitute for human corneal donor tissue in lamellar keratoplasty, which involves selective removal and replacement of diseased opaque corneal layers and has a much lower rejection risk than penetrating keratoplasty in allogeneic corneal transplantation (Akanda et al., 2015) . Because of the lack of cornea donors in Asian countries, many patients with stromal opacification may suffer from stromal dystrophy, infection, inflammation, or trauma and may lose the ability to recover their vision after the first attempt at lamellar keratoplasty (Ekser et al., 2012) . Decellularized mammal corneas have better ultrastructure and biocompatibility than fabricated artificial corneas (Lai & Tang, 2014) . Decellularized porcine corneal stroma is considered the best source for human lamellar corneal transplantation due to its stromal thickness, similar extracellular matrix (ECM) components and collagen arrangement (Lee et al., 2017) . Moreover, our previous study found that its corneal anterior curvature and thickness are similar to those in humans and most mammals, except for primates.
Porcine corneal stroma, which is identical to human corneal stroma, has a highly organized arrangement (Bueno, Gualda, & Artal, 2011) . Experimental evidence has indicated that porcine corneas are sufficiently similar to human corneas in terms of biomechanical parameters, suggesting that porcine cornea is likely to provide a successful alternative to human keratoplasty (Hara & Cooper, 2011) .
There are several decellularization techniques that have been used in dozens of decellularized mammal tissues throughout Europe and the United States, the most commonly used agents for decellularization are detergents (Crapo, Gilbert, & Badylak, 2011) .
However, damage to porcine corneal collagen fibrils by detergents is notable. Decellularization destroys the microstructure of collagen fibrils and disturbed corneal fibril arrangement and spaces lead to corneal opacification by increasing the amount of refracted, scattered, and reflected light (Y1, Wong, Monson, Stringham, & Ambati, 2010) . Moreover, high level of reagents remained from decellularization process has a risk of corneal inflammation and influences corneal stomal cells reconstruction after lamellar keratoplasty. Stromal keratocytes are scattered among collagen fibril lamellae, remain relatively quiescent in normal corneas, and are stimulated in environments containing injured or inflamed stroma.
After the application of detergents for decellularization, porcine corneal stroma becomes opaque and does not completely recover within 6 months postlamellar keratoplasty, and three cases have shown corneal melting symptoms (Zhang et al., 2015) .
Porcine DNA and cellular proteins, including soluble and insoluble proteins, are two major targets for decellularization processes. We aimed to develop a gentle decellularization process with minimal damage to collagen fibrils and proteoglycan. Therefore, we investigated the degradation of soluble proteins and DNA, which are difficult to degrade using detergents. In the present study, we used benzonase, which is a genetically engineered endonuclease that digests DNA and RNA into 5 0 -monophosphate-terminated oligonucleotides that are 3 to 5 bases in length, as a decellularizing enzyme. The nucleotide fragments and soluble proteins can be dissolved from corneal stroma without substantially damaging collagen fibrils. Benzonase has been used in vaccine preparation to remove genetically bioengineered nucleotides and decellularize the dermis (Bertasi, Cole, Samsell, Qin, & Moore, 2017; Fischer, Wolff, & Reichl, 2018; . In this study, we investigated the decellularization of porcine corneal stroma by using benzonase to prepare corneal tissue engineering scaffolds for human lamellar keratoplasty and improve the procedure for the decellularization of porcine corneal stroma.
| MATERIALS AND METHODS

| Animals
Whole porcine eyes (Wuzhishan, 5-7 month male and female pigs weighing 50-70 kg) were obtained from Yunnan Agricultural University within 1-2 hr postmortem and subjected to a decellularization procedure within 1 hr after obtaining the eyes. The eyes that were used in this study had an integral corneal surface with a horizontal corneal diameter of 12-14 mm and an initial corneal thickness of 650-850 μm, as indicated by a corneal pachymeter (TOMEY, Japan).
The native lamellar porcine cornea stroma (NLPCS) was drilled by 10 mm trephination, and the epithelium and endothelium were removed by mechanical force. Male and female New Zealand white rabbits aged 10 weeks and weighing 2-4 kg were used as animal transplant models for lamellar keratoplasty. The animal experiments were carefully performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the animal experimental protocol was approved by the Animal Ethics Committee of the Medical College of Xiamen University.
| Preparation of decellularization solution
Decellularization solution I consisted of 120 mM NaCl, 5.5 mM KCl, 1.2 mM CaCl 2 , 0.8 mM MgSO 2 , and 30 mM NaHCO 3 (pH 7.5, 310 mosmol/kg). Decellularization solution II contained antibiotics (100 IU/mL penicillin, 100 mg/mL streptomycin, and 0.625 mg/mL amphotericin). Decellularization solution III consisted of decellularization solution I and benzonase (1000 U/mL; Merck, Germany). Antibiotics were added to all the solutions, and the solutions were sterilized through a 0.22 mm pore filter.
| Decellularization procedures
Each NLPCS was weighed to obtain an initial weight. After washing three times for 20 min per wash in decellularization solution II, the samples were immersed in decellularization solution III for 5 hr at 25 C followed by washing 6 times for 30 min per wash in PBS at 25 C to remove residual benzonase and soluble proteins. All steps were conducted with continuous shaking in a water bath at a controlled temperature. To prepare decellularized lamellar porcine corneal stroma (DLPCS), NLPCS was sealed in a sterile plastic envelope, sterilized by g-irradiation (20 kGy), and stored at 4 C before use.
| Histology and immunohistochemistry
NLPCS and DLPCS (n = 3 in each group) were embedded in O.C.T. compound (Tissue Freezing Medium) and cut into 5-mm-thick sections. Then, the sections were stained with hematoxylin and eosin (H&E) and examined under a light microscope (Carl Zeiss, Germany).
| Residual DNA analysis
Whole NLPCS and DLPCS (n = 5 per assay) were dried to a constant weight in a cabinet drier at 37 C for 72 hr and weighed until a stable weight was achieved. The samples were digested with 125 mg/mL proteinase K (Sigma) at 37 C for 24 hr. Whole DNA was extracted from each sample by phenol-chloroform (Sigma). The residual DNA in DLPCS and NLPCS was quantified by a Quant-iT PicoGreen Assay (Invitrogen, Germany) according to the manufacturer's instructions.
| Electron microscopy for ultrastructural analysis
NLPCS and DLPCS (n = 3 in each group) were fixed with 2.5% glutaraldehyde in phosphate buffer (pH 7.0) for 6 hr, postfixed with 1% OsO 4 in phosphate buffer (pH 7.0) for 1 hr, dehydrated in a graded series of ethanol (30, 50, 70, 80, 90, 95 , and 100%) for 20 min for each concentration, transferred to absolute acetone for 20 min, placed in capsules containing embedding medium and heated at 70 C for approximately 9 hr. All the specimen sections were stained by uranyl acetate and alkaline lead citrate for 15 min and observed by transmission electron microscopy (TEM) using a model of H-7650.
| Assay for residual benzonase
After the dry weight was obtained, each DLPCS was soaked in 1 mL PBS at 37 C for 24 hr. The residual benzonase endonuclease in leaching liquor was analyzed by benzonase ELISA Kit II (Merck).
| Light transmittance assay
NLPCS and DLPCS samples were placed in glycerol (Invitrogen) for 2 hr before light transmittance evaluation. The spectral transmittance was measured at a wavelength of 380-780 nm using a Shimadzu UV-3600 spectrophotometer (Japan) and glycerol as a blank control.
The transmittance was measured in 10 nm steps. The transmission coefficient (C t ) was calculated using the following equation:
where I t is the intensity of transmitted light, and I 0 is the intensity of incident light. Each sample was analyzed three times.
| Extract cytotoxicity assay
Each DLPCS (10 mm diameter) was extracted at 37 C for 24 hr in 1 mL normal medium (DMEM supplemented with 15% heat inactivated fetal bovine serum, Gibco BRL) to prepare leaching liquid.
Human corneal epithelial cells (1 × 10 3 cells) were seeded into each well of 96-well plates and cultured with experimental (DLPCS leaching liquid, n = 10), positive control (DMSO, n = 10) and negative control (DMEM, n = 10) groups. After 1, 3, 5, and 7 days, the proliferation of the cells was quantitatively analyzed by an MTS assay (Promega). The optical density (OD) of the absorbance at a wavelength of 490 nm was measured by a microplate reader.
| Lamellar keratoplasty in rabbits
Twelve DLPCSs (100 mm and 6.50 mm diameter) were implanted into the right eyes (DLPCS-transplanted group) of 12 rabbits by lamellar keratoplasty. Contralateral corneas that did not undergo an operation served as the control group. Briefly, for lamellar keratoplasty, under general anesthesia, a 100 to 150-mm-deep and 6.25-mm-diameter circular incision was made using a trephine.
Lamellar dissection was then performed using a scalpel along the natural uniform stratum in the corneal stroma to remove the host epithelium and anterior stroma. The DLPCS graft was sutured into the stromal bed of the recipient by using 16 interrupted 10-0 nylon sutures. Tobramycin-dexamethasone eye drops and ointment were used once daily for 14 days after lamellar keratoplasty. Follow-up clinical examinations, including sodium fluorescein staining to assess epithelial integrity, slit-lamp to assess corneal optical clarity, neovascularization and degradation analyses of the grafts, and corneal topography analysis to assess corneal deformation, were conducted at 1, 3, 6, and 12 months postoperation, three rabbits were euthanized, and corneal specimens were prepared for H&E staining (n = 3).
| In vivo confocal microscopy examination
In vivo confocal microscopy images were obtained using a Heidelberg 
| Statistical analysis
The values are presented as the mean ± SD. Student's t test was used for statistical analysis to compare differences between the groups. A p value of p < .05 was considered statistically significant.
| RESULTS
| Decellularization efficiency
We compared the structures and components of DLPCS and NLPCS.
Macroscopic images of DLPCS showed the same high degree of transparency as NLPCS (Figure 1a,b) , corneal stromal nucleus scattered in stromal (Figure 1c ), while there was no visible cellular debris in the H&E-stained DLPCS (Figure 1d ). TEM showed that the lamellae of collagen fibrils in DLPCS maintained the same structure as NLPCS with slight cellular debris. The dry weight of DLPCS was 13.14 ± 1.78 mg, which was similar the weight of NLPCS at 15.96 ± 1.83 mg (n = 5, p > .05). No cell membranes or cell organelles were observed, but a small amount of nucleic acid debris was observed in the corneal stroma compared with NLPCS (Figure 2a ), as indicated by TEM (Figure 2b) . The amounts of NLPCS and DLPCS DNA were 367.13 ± 19.96 and 15.41 ± 0.65 ng/mg in dry weight, respectively (Figure 2e , n = 5, p < .05).
| Ultrastructure of the stromal component
The collagen fibril lamellar arrangement and fibril ultrastructure of DLPCS was not notably different from those of NLPCS (Figure 2c,d) . The collagen fibril diameter of DLPCS (27.06 ± 1.63 nm) was similar to that of NLPCS (26.58 ± 1.02 nm, n = 5, p > .05), and the collagen fibril spacing of DLPCS (25.61 ± 1.63 nm) was similar to that of NLPCS (26.39 ± 1.03 nm, n = 5, p > .05). There was no significant decrease in the collagen fibril spacing after the decellularization process (n = 5, p > .05).
| Biocompatibility
As we used benzonase for decellularization, we analyzed the level of residual benzonase in the corneas and examined its potential toxic effects on cell proliferation and animal corneas. The residual benzonase level was less than the detection limit. The cell viability results demonstrated no significant differences in cell proliferation of the human corneal epithelial line, L-149 cell line and Vero cell line between the experimental and control groups (n = 3, p > .05). Toxicity was analyzed by directly injecting 0.1 ng benzonase into rabbit corneal stroma, and no corneal melting or neovascularization was observed, and corneal stromal edema gradually disappeared in 1 week (n = 3).
| Light transmittance
The light transmittance of DLPCS was not significantly different than that of NLPCS in the wavelength range of 380-780 nm (Figure 2f, n = 3) .
| Lamellar keratoplasty in rabbits
We applied the prepared DLPCS that was treated with benzonase in rabbit corneas. All animals survived following implantation without infectious or hemorrhagic complications (Figure 3) . The re-epithelialization started in 3 days postoperative (Figure 3a,b) , one third plants repaired in 3 days postoperative (Figure 3c,d) , completed at the time of 7 ± 2 days postoperative (n = 12, Figure 3e -h). The time to achieve sufficient transparency to clearly observe the iris for the DLPCS grafts was 24 ± 5 days (n = 12, Figure 3i ). Corneal neovascularization, graft degradation, and corneal rejection were not observed at 12 months after transplantation.
H&E staining showed that slight edema of the corneal stroma was observed at 1 month postoperation (Figure 3m ), and the corneal stroma decreased gradually to a normal thickness (Figure 3n-p) without activated cells notably infiltrating the stroma during the entire observation period (Figure 3j-l) . 
| In vivo confocal microscopy
We also examined and analyzed the transplanted corneas with in vivo confocal microscopy. The smooth surface of the corneal epithelium in the normal rabbit cornea was observed as a nearly 50-mm-depth with highly reflective cytoplasm and highly reflective nuclei (Figure 4a ), while the surface epithelium in DLPCSs group was not sufficiently smooth (Figure 4e, i) . It showed that there were large dark spaces which indicated the absence of epithelial cells, and these spaces gradually decreased at 12 months postoperation in vivo confocal microscopy ( Figure 4m ). In the first month postoperation, the boundary of basal epithelial cells was undefined, and the reflectivity gradually increased ( Figure 4n ). The stromal nerve was much thinner than the normal nerve at 3 months and 6 months postoperation (Figure 4g,k) , and the stromal nerve grew to a normal thickness after 12 months (Figure 4o ). Furthermore, compared with the normal rabbit corneal basal epithelial density, which was 3789 ± 136 cells/mm 2 (n = 3, Figure 4b ), the density of basal epithelial cells was 2871 ± 114 cells/mm 2 at 3 months postoperation (n = 3, Figure 4f ), 2983 ± 128 cells/mm 2 at 6 months postoperation (n = 3, Figure 4j) , and 3476 ± 145 cells/mm 2 at 12 months postoperation (n = 3, Figure 4n ). Stromal cells were not observed after 1 month. Compared with the normal rabbit corneal basal epithelial density, which was 487 ± 69 cells/mm 2 (n = 3, Figure 4c ), the density of stromal cells in the anterior stroma was 8 ± 21 cells/mm 2 after 3 months (n = 3, Figure 4g ), 334 ± 65 cells/mm 2 after 6 months (n = 3, Figure 4k ), and 389 ± 72 cells/mm 2 after 12 months (n = 3, Figure 4o ). Furthermore, the nerve in the anterior stromal lamella was observed after 3 months. Corneal epithelial leukocytes were not observed in the normal control rabbits or rabbits that underwent lamellar keratoplasty. It was also revealed that the density and shape of corneal endothelial cells in the DLPCS-transplanted groups were similar to normal rabbit corneal endothelium (Figure 4d,h,l,p) .
| DISCUSSION
The goal of our decellularization method was to efficiently remove xenogeneic nucleotides and proteins while minimizing adverse effects on collagen fibrils and the optical transparency of the corneal stroma.
Therefore, we used the endonuclease benzonase, which efficiently degrades all forms of DNA and RNA without proteolytic activity in a wide range of conditions (pH values of 7.0-9.0 and temperatures of 15-55 C) (Wen, Xiao, Wang, & Wang, 2016; Ye et al., 2011) . This endonuclease is a dimer consisting of 30 kDa subunits and is hydrophilic. The low molecular weight of benzonase makes it quickly infiltrate into corneal stroma, and it is easily removed by repeated washes. Chemical agents, such as alkaline and acidic substances, mechanical forces and high temperatures can easily cause corneas to lose transparency, which is typically seen in corneal traumas (Cellular and extracellular matrix modulation of corneal stromal opacity et al., 2014). But these factors are also often used in decellularization, which disturb the normal conformation of proteins and the regular arrangement of collagen fibrils. To provide optimal conditions for benzonase to efficiently degrade nucleotides with minimal loss of optical transparency due to ultrastructural damage, which can also be caused by lysosomes and proteases from ruptured stromal cells, we used bicarbonate-mixed salt solution (pH 7.5 and 20 C). In preliminary studies, we observed that the quantity of degraded DNA was positively correlated with the amount of benzonase and the time of operation under the same conditions. According to the time course curve of benzonase, we selected 5 hr as the termination timepoint, and benzonase removed over 99.5% of total DNA content. Residual , 2014) . Therefore, we kept Bowman's membrane and found that corneal epithelialization occurred in 1 week, which was as quick as human cornea transplantation. A regular arrangement of collagen fibrils was observed in normal clear corneal stroma, while collagen fibrils were not regularly arranged and disorganized in opaque corneal stroma (Piao, Zhou, Wu, & Chu, 2012; Wei et al., 2016) . The regularity of collagen fibrils was assessed by distances between collagen fibers and the diameter of fibers using TEM. Except for the absence of nuclei, the TEM images showed that there were no obvious changes in the diameter, spacing, density, and border of collagen fibrils between the DLPCS and NLPCS groups, which were consistent with previous studies (Matteini, Rossi, Menabuoni, & Pini, 2007) . After all preparation procedures, the transparency of DLPCS was the same as NLPCS in terms of general illumination and light transmittance, which was also indicated by clear and continuous blood vessels F I G U R E 3 Postoperation observation of LKP with DLPCS. Three days postoperative, mild corneal edema (a) and corneal fluorescein staining showed a small amount of epithelia on the upper plate (b). Five days postoperative, corneal epithelium repaired over one third of plants surface with mild edema (c and d). One week postoperative, corneal edema decreased with over half of corneal epithelium repaired (e and f). Two weeks postoperative, corneal edema disappeared with whole epithelium repaired (g and h). The cornea restored to transparency after 1 month (i). The cornea kept transparency after 3 months (j). The cornea still showed transparency after 6 and 12 months, respectively (k and l). The representative images of corneal section in H&E staining of 1, 3, 6, and 12 months postoperative (m-p) behind the transparent cornea from the DLPCS graft in the central zone to the peripheral area of the cornea at 1 week postoperation.
The corneal stroma continually remained transparent before and after re-epithelization.
Residual ionic and/or nonionic detergents used in decellularization processes have obvious cytotoxic effects, which result in inflammatory cells infiltration and corneal melting after lamellar keratoplasty (Crapo, Gilbert, & Badylak, 2011) . The viability of human epithelial cells, Vero cells, and M149 cells indicated that benzonase was not cytotoxic and did not inhibit the proliferation of these cell lines. Subcutaneous pockets and lamellar keratoplasty showed very good tissue compatibility and the absence of infiltrated neutrophilic leukocytes and leukomonocytes.
In vivo confocal microscopy has become an increasingly popular noninvasive tool to examine the cornea at the cellular level and to better understand corneal cells and nerves. In this study, we used in vivo confocal microscopy to investigate changes in the cornea after lamellar keratoplasty in rabbit corneas. Superficial epithelial cells were F I G U R E 4 In vivo confocal microscopy examination and analysis of LKP in rabbit lamellar keratoplasty model. (a-d) Superficial corneal epithelium, basal corneal epithelium, anterior stroma, and endothelium in normal rabbit. (e-h) Superficial corneal epithelium, basal corneal epithelium, anterior stroma, and endothelium 3 months postoperation. (i-l) Superficial corneal epithelium, basal corneal epithelium, anterior stroma, and endothelium 6 months postoperation. (m-p) Superficial corneal epithelium, basal corneal epithelium, anterior stroma, and endothelium 12 months postoperation less smooth than normal corneal cells, showing a dark shade between cells at 1 month after surgery, and the cells gradually became smoother after half of a year, which was consistent with the H&E staining results. The density of basal epithelial cells recovered to a normal level, and the stromal cells grew back to cornea, while their density was less than that of normal corneal stromal cells. Several nerves in the anterior stroma were thinner than normal corneal anterior stromal nerves.
Corneal calcification, opacity, edema, and neovascularization are indications of rejection and constitute transplant failure (Kamp et al., 1995) . Corneal transparency requires the following conditions for lamellar transplantation: intact epithelium, normal endothelial function, and regular arrangement of collagen fibers. The regular arrangement of corneal collagen fibers is the core of keeping acellular corneal stroma transparency after implantation. Regular arrangement of collagen fibers makes corneal stromal cells arrange regularly in the repair process. Collagen fibers secreted by corneal stromal cells reconstruct corneal ECM and keep cornea transparent. In this study, acellular corneal stroma obtained by benzonase is transparent after implantation, the transparency is enhanced after epithelialization, and the corneal stroma is always transparent after corneal reconstruction. In subcutaneous pockets and lamellar corneal transplants, none of the abovementioned indicators were observed in these animals within 12 months. Because of the high decellularization efficiency, no infiltration of neutrophilic leukocytes or leukomonocytes was observed after subcutaneous implantation of DLPCS. After decellularization, collagens and lamellar structures were not destroyed, and collagen fibril spacing remained too similar to that of the native stroma. Accordingly, the prepared DLPCS was highly transparent. A suitable scaffold material for corneal tissue engineering must simultaneously meet the challenges of biocompatibility, biomechanics and transparency for corneal transplantation. After lamellar keratoplasty, rabbit epithelial cells became flattened and elongated and migrated as an intact sheet to cover the whole DLPCS graft within approximately 7 days. The most common cause of corneal graft failure is irreversible immunological rejection with corneal neovascularization or ocular inflammation. During the course of graft epithelialization and transparency, there was no sign of infiltration of neutrophilic leukocytes or leukomonocytes. Within 12 months after lamellar keratoplasty, corneal neovascularization and haze were not observed.
| CONCLUSION
Decllularization is double-edged. An excessive procedure could cause permanent opacity of stromal tissue or a slow regaining of corneal transparency after transplantation. To explore the feasibility of decellularized corneas, we used benzonase to remove cellular components while minimizing the destruction of the ECM.
The animal transplantation results also suggest that the decellularization of stromal cells with benzonase is an efficient and safe method.
